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Statement of Problem

The contract cslled faor a theoretical analysis of charge
storage and charge transfer in MNOS memory structures, and

for experiments supplementing this analysis. Included in the
study were predictions of charge retention, and charging ex-

. periments using constant current, i'ather)thnn the customary

constant voltage pulses.

Sumary of Results

Just prior to the start of the project, we computed® tran-

sient charge distributions in the nitride based on a model

which assumes:

(1) charge flow of carriers of one polarity only, entering
through the oxide;

(ii) charge storage in traps of a single trap depth and
uniformly distributed through the nitride.

(iii) constant current pulses and therefore constant; field

at the oxide/nitride interface (i.e. neglecting inter-
face charging). |




As part of the contract the same model was applied to
explain experimental data on the high temperature charge
retention in the nitride?. The experimental results show
that the decrease in the threshold voltage window is ini-
tially independent of temperature, and is proportiomal
to the logarithm of time; both features are explained
by back mnnenxx through the oxide®. However, at ele-
vated temperitures the decay of threshold voltage becomes
more rapid after an incubation period which decreases with
increasing tamwperature. This accelerated ~decay was explained
by our model considering detrapping from traps within the
nitride and drift of released carriers toward the oxide
interface. Theory matched to the experiments indicates a
reasonable Frenkel-Poole coefficient of 5.2 x 10 ‘an/2,
V/2ev, and a trap depth of 1.5eV. Obviously, detrapping
fram these rather deep traps could not occur at room tem-

perature.




Experiments on the retention loss at moderately elevated
temperatures ( 154-205°C ) could not be matched by our model.
Rather than imvoking ad hoc additional mechanisms, we decided
to extend the experimental data base So as to arrive at a
better general understanding of the charge transport process
in MNOS structures. = - |

A survey of .literature indicated to us that:

(a) available experimental data are almost generally
inadequate, and | |

(b) theoretical analysis (including our own") is either
- based on oversimplified models, or else includes so many
different parameters’ (carriers of both polarities; miltitrap
levels, etc,) which are clearly beyond resolution by existing
experimental data.

The reason for the poor experimental data base is the in-~
trinsic camplexity of the subject, e.g.:

(a) it is characteristic of a membry device, and in
particular the MNOS memory device, that the same initial
state cannot be reestablished easily in a sequence of ex-
periments.
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(b) Charge transport in the MNOS Structure occurs by
tunneling through the oxide barrier, and by Frenkel-Poole
transport through the nitride. These two mechanisms occur
similtanecusly, so that it is difficult to separate them.

' (c) Both mechanisms depend strongly on the electric field.
| Becﬁxs:espadelchérg;sqihth;anitridearethebasisofthém‘
memory mechanisn, there is necessarily an inhomogeneous field
distribution; e.g., the steady state field in the oxide is not

i diniiariaiagl

precisely known when a D.C. gate voltage is applied.

(d) It is difficult to distinguish the charging which occurs
by earriers of oneA polarity entering from the silicon and the
charging which occurs by carriers of the other polarity éntering
from the gate.

Lo ; Great progress in the experimental analysis of charge dis-
tribution in the nitride was made by measuring charge injected by
pulses of increasing duration, each pulse being applied at the
bias voltage which provides flat band (Yun method®). The cen-

troid of the charge stored in the nitride can then be derived

under certain conditions from change of flat band voltage and




of charge passed through the external circuit. However, the Yun
method® requires that the sample must be restored to its initial
state between pulses; the reverse polarity pulsing used to achieve
this restoration may introduce carriers of the opposite Apola.rity.
Moreover, such a procedure is extremely time consuming; a single
charging run over the entire range of voltage durations takes
hours. Finally, the electric field in the oxide is known only at
the onset of the pulse; this field decreases during the pulse in
an expeiimentally undetermined manner.

Our principle achievement under this contract has been to
devise and develop a new measurement technique’ which eliminates
all the aforementioned difficulties of the Yun method®.

This is accamplished by charging the nitride using a se-
quence of identical pulses (hence ''staircase charging'), thereby
removing the time-consuming restoration of the initial state,
and the potential camplexities due to the introduction of charge
of opposity polarity by reverse pulsing. Since we apply short
(microsecond range) and comparatively low voltage pulses, the
charge increment per pulse is kept small and oxide field and

gl l)m“; RIVCEF 0 i




and current remain nearly constant during a pulse. The oxide

h field is known fram the applied bias voltage and from the | ;
oxide and nitride capacitances. Deep depletion, which would
-cause a significant potential drop, is prévented by the
‘ rapid build—ﬁp of inversion charge due to a pulsed laser
bean impinging on the sample at the onset of the gate
- voltége pulse [Fig.1]. Using the computer control® in the
feedback loop between the circuit sensing the MNOS capacitance,

R

and the circuit adjusting the gate bias voltage to flat band,
we reduce the time interval between pulses, and therefore

back-tunneling. The total time for generating the experimental
data for a complete charge vs..centroid relationship is thus .
reduced to minutes. The data -is stored in the PDP 11 computer
used for the aforementioned feedback control, and is processed
by the computer to provide desired relations such as will be
discussed shortly on hgnd of Figure 2.
Since the termmination of the contract, an IBM computer
#5110 became available from another project, and it is now

being installed as a controller for the PDP 11 which will become
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a slave computer to run the experiment in a manner dictated

by the IBM 5110. The IBM computer will store the data on tape,
amiyze it and display it graphically on an HP 9872A digital
plotter.

Figure 2 shows a typical graph produced by our staircase

method. The raw data are the step-wise increase in flat band
voltage and in the charge passed through the oxide; The two
properties defived from these data are the charging current
(=charge increment divided by pulse duration), and the charging ]
efficiency (=nitride capacitance times change in flat band
voltage divided by charge increment). The centroid position
divided by the nitride thickness equals one minus the charg-
ing efficiency. However, as in the Yun method, this provides
the true centroid only under certain conditions (e.g. no
charge crossing the nitride/gate boundary) which may not
always be satisfied. As a matter of fact we attribute the
decrease of charging current before the minimum (seen in

Figure 2) to a reduction of charge injection through the ;

oxide, and the increase of charging current after passing

through that minimum to the injection of opposite charge i
- from the gate?. The delayed injection from the gate is
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due to the build-up of the gate field with increasing flat-
band voltage.

Using the staircase charging method we have measulfed the
steady state current as function of temperature and known
oxide field (see Appendix). Such extensive data has never been
produced before and their interpretation modifies the current
model for charge injection in the trap-assisted tunnel regime:
Injection of carriers from the silicon through the oxide into
the nitride is not governed by the transition probability
through the barrier'® but rather by the availability of empty

traps at or near the oxide nitride interface into which tunneling

can take place. -
Our staircase charging method and the elaborate equipment
we assembled for its execution is unique, and the potential
value of this tool is well recognized in the industry. This is
evident from the fact that several manufacturers (Rockwell In-
ternational, McDonnell Douglas and Westinghouse) have supplied
us with samples for analysis by the staircase charging method.

Moreover, we have obtained a short termm work order from Sandia

Corporation for the measurement of charge injection and steady-

étate current of MNOS capacitors by the staircase charging

method.

.,
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Sandia will supply appropriate types and number of devices.

In sumary, we have provided & new tool for the experi-
mental investigation of MNOS memory capacitors. Application
of this tool to the steady state current through the dual
dielectfic as function of oxide field and'te!perature has
already lead us to modify the existing model for charging
through the oxide. It is anticipated that large scale application
of our method td a wide range of sanpleé supplied by a variety of
sources will generate an extensive data base fram which a still
more complete understanding for charge transport in MNOS struc-~
tures can be derived. We are particularly eager to study the
endurance phenamenon which was _initially planned for this con-
tract but which had to be postponed for lack of an appropriate
experimental tool. The staircése charging method developed under

this contract has now provided us with a powerful tool for this.

study.
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Fig. 2: Flat-band voltage and Charge Build-ups in a Staircase

Charging Experiment, from which charging current and

charging efficiency are derived.
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APPENDIX A

"TEMPERATURE DEPENDENCE OF MNOS CURRENTS AT CONSTANT OXIDE FIELDS'

A. FEDOTOWSKY, K. LEHOVEC and Y. K. PARK

University of Southern California
1os Angeles, Ca. 90007

The steady state current through the double dielectric of
MNOS capacitors on p-silicon substrate was measured as func-
tion of temperature for several fixed fields in the silicon
oxide of a polarity pamoting hole flow from the silicon. It
is shown that the availability of empty recipient trap states
for holes tunneling from the silicon into the nitride controls
the current. The occupancy of these trap states is governed
by Frenkel-Poole detrapping at elevated temperatures and by
Fowler-Nordheim tunnel emission from the traps at low temper-
ature. Transient charging measurements support this interpre-
tation.

PACS Numbers: 73.40.Qv, 73.60.Hy, 85.30.Tv, 72.20.Jv

*Supported by the Army Research Office, Grant DAAG29-79-C-0095

**On leave from INHA University, INCHOEN, KOREA 160
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The steady state current through the dual dielectric of
MNOS devices camprises charge transport through the oxide,
generally ascribed to a tunneling mechanism, followed by
charge transport through the nitride, believed to be governed
by same detrapping mechanism. The key measurement parameter
for the oxide tunnel current is the oxide field. Measurements
at constant gate voltage provide an approximate average ni-
tride field but leave the oxide field ill-defined due to the
unknown space charge distribution in the nitride. In this
letter we give experimental results for the temperature de-
pendence of the steady state MNOS current at constant oxide
fields and discuss the implications of these data for MNOS
device modeling.

The samples investigated by us were obtained by cour-
tesy of R. Cricchi fram the Westinghouse Corp. and had a
p-type silicon substrate, an Al gate of area A=3 x 10'30112,
oxide and nitride thicknesses of d~22R and dy= 4008, re-
spectively. Application of negative gate voltage pulses re-
sulted in a negative shift of the flat-band voltage which
indicates that hole injection. from the silicon dominates

over electron injection from the gate.
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Fixed voltage pulses Vp of short duration tp in the
microsecond to millisecond range applied at flat band bias
voltage generate the oxide field where qu and CN are the

C_C.
oxide and nitride capacitances and §0X is the permitivity
of the oxide. First a large mumber of pulses was applied using
our staircase charging 1:echn:lque1’2 until a quasi-stationary
state of the flat band voltage was reached. During this time
period the integrating capacitor in the circuit was shunted
by a resistor in order to prevent saturation of the charge
amplifier. The shunt resistor was then removed using a relay,
and the flat-band coltage VFB and the integrated charge q‘
passing fram the silicon into the oxide were registered after
each pulse. Between pulses the gate bias voltage was readjusted
to flat-band by the digitized feedback circuit described

elsewhe::'e2 . The steady state current density JST is then

QM /tpA.
Experimental.Results.

Figure 1 shows the steady state current density plotted




against reciprocal absolute temperature for several constant
oxide fields corresponding to the pulse voltages indicated in

the figure. The current is found to be independent of temper-
ature at low temperatures ( < -100°C ) and thermally activated

at elevated temperatures. The points indecated by crosses and
fitted by the dashed lines are obtained by subtracting from
the observed current density JST the temperature independent
current J, (dotted levels at low temperatures). The activated
energy is displayed in Figure 2 in a Frenkel-Poole type plot,

(Jgp=J5)
= _%nmi!_@_ = o8By (2)

from which ¢y = 0.3V and 8= 1.5 x 10~ 3cmdv?
The nitride field at the nitride/oxide boundary, FN = on Iéox/ EN ’

used in this plot disregards.the interface charge.

The dashed lines in Fig. 1 extrapolated to T ———> = provide
A =2.94 xexp [-1.02 x 107/E] vhen A, is in A/cm® and E in V/am
where A1 is the coefficient of the Frenkel-Poole relation

J, = A em.[(- gf=) (0-B/E )] (3)

The strong field-dependence of the pre-exponential factor A1
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invalidates determination of 8 from measurements of steady
state current vs. field at a fixed temperature by using g =
(- KT/q) 3tn IsT/ 3/E .

The temperature - independent current levels Jo are
fitted by the Fowler - Nordheim relation’

J, = Ay exp (-B/Ey) @)

with B = 2.07 x 10’ e,V and A, = 6.18 x 107’ AV 'en™!.

In another set of experiments the flat-band voltage was
first shifted toward its highest value by applying a large
positive gate voltage and the initial charge build-up in the
sample, by a sequence of negative gate pulses superimposed
on flat-band, was then investigated. Figure 3 shows that the
initial charge build-up in the nitride as registered by the
charge amplifier in the MNOS circuit is well fitted by

Q=4Pq [1-exp (-t/tp)] (5)

with P = 10'? ca™? and ty = 0.43us. Preliminary measure-
ments at other temperatures and oxide fields show P and tp
to be independent of temperature, P to be independent of
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and f.r to decrease strongly with oxide field.

The most interesting aspect of our data is the ther-
mal activation of the current at elevated temperatures.
While same temperature-dependence of the tunnel current
may arise by tunneling of thermally activated earriers
from the silicon, as proposed by Svensson and Lundstrom®,
we believe that this effect is too small to account for our
observations. Rather than assuming tunneling into almost
empty traps', we consider the occupancy of the traps into
which the holes tunnel as the rate determining factor. This
occupancy is determined by a dynamic equilibrium between the
tunneling into the empty traps and emission fram the filled
traps. This emission occurs by the temperature dependent
Frenkel-Poole mechanism at elevated temperatures, and trap
occupancy and thus the tunnel current through the oxide then
also becanes temperature-dependent.

We shall now describe a simple model which accounts for
our experimental data. By lumping all hole traps which act as
recipients for the oxide tunnel current into the 8102/813144
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interface, we have

®-5E-& (6)
where P is the total number of hole traps per unit area, p

is the number of occupied hole traps per unit area, tTisthe
time constant for a hole tunneling from the silicon into an
empty hole trap and tp is the time constant for a hole leaving
an occupied hole trap to enter the nitride valence band. The
time constant tq is the reciprocal of the product of the
arrival rate of holes at the oxide barrier, the probability

to tunnel through it, and the capture cross section of an empty
trap for a hole having tunneled through the barrier. The

steady state current density is

Jgp = @/tp = @P/(tp *+ tq) (7

Since we expect tT to be fairly independent of temperature,
we conclude from the observed temperature dependence of JST
at elevated temperatures that tp > 1:.P and that detrapping
occurs by Frenkel-Poole emission. Since tp increases with
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decreasing temperature while t remeins nearly constant,

the same inequality should be even better satisfied at lower
temperatures. The independence of temperature of the steady
state current in the low temperature regime thus indicates
that Fowler - Nordheim type tunnel emission of holes from
the traps becames dominant over Frenkel-Poole emission at
the lower temperatures. Indeed the corresponding theoretical
relations,equations (4) and (3),fit well the empirical
steady state current data. The initial charge build-up of
almost empty traps follows from Eqn. (6) for p << P and
gives Eqn. (5). The right uppermost experimental point

in Fig. 3 falls above Eqn. (5) because detrapping can no
more be neglected. The detrapping time constant for the

data of Fig. 3 is ty = aP/Jgr = 10 m.sec  which is large
vs. tqp in agreement with our model. The additional field
Pg/Ey = 2.5 x 10° V/cm generated by the fully charged inter-
face traps is still quite smll vs. By N/egw wnich

Justifies neglecting the interface charge in the Frenkel-
Poole plot of Fig. 2.
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A more refined model which allows for spatial distri-
bution for traps of a range of energy levels is now being
investigated. The trap depth ¢ must then be considered
an effective value which depends on temperature and field.
This has implications for the interpretation of the para-
meters and A, derived from the experimental data. A vol-
ume trap distribution near the oxide-nitride interface has
been invoked for the interpretation of charge retention
data®.

In conclusion, the temperature dependence of the
Steady state current through the oxide at elevated
tamperatures suggests that the tunneling of holes through the
oxide 1is - controlled by the availability of enpty reci-
pient states at, or close to the oxide-nitride interface. The
degree of occupation of these interface hole traps is gov-
erned by a dynamic equilibrium between holes tumneling into
these states from the silicon, and holes leaving the traps
by a detrapping mechanism, which is of the Fowler - Nord-
heim type at low temperatures, and of the Frenkel-Poole type
at elevated temepratures.
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Figure Captions.

Fig. 1. Temperature dependence of the steady state current
through the dual dielectric of an MNOS capacitor
measured at constant oxide fields pertaining to the
pulse voltages indicated in Volts.

Fig. 2. A Frenkel-Poole plot of the activation energies
derived from the slopes of the dashed lines in
Fig. 1.

Fig. 3. Initial charge build-up in previously emptied in-
terface traps when charging at constant oxide field
corresponding to Yp = -8V at roow temperature.




1 0§h T
<« Y/
091 1) Al 021 001 08 09 1)4 02
{ | N N L N Y J | | L)

AN d “\ AN f/ RN i

™ \ > \ N \ \ N \
\ N -
= N N N \ \ \ \
- ! \ . N RN .
- N | \ \ \ \ \ -
W ........ (O oevererrossseenanissantitttiiinnanees ﬂ.............l‘ﬂ ....... @../ ......... ./..Wo.....fo.l. ........ \ ) \ m
N.I// // // \ \ o /..0../.’
~ SN N\ \ N \ N [ R -
e vecenend LD ererrriecnrracesoracnroconosssasnencoreroncacossssonss /l ......... .OV .......... N ..../( // // .o -
- Soooon, R0 eag v Y 3
= 8- o \ \ N " NPAN & 3
3 N // N // //Q.AM/ ) 3
......... .o...............................:....................................o./.ﬂ:........d.....GM/.........V .F ...m
- B6- AN v\ K
n N N // \ m.w...nw V/ A
SIS s SO P TP o R :p O// \ e
= - o R o)
w ﬁ: N . // O./W.M./
.......... o......................................................................o.................o... 0/ N o..nv
T ﬁ ﬁl. .//O....w./. /.70
- N N g./o. ¥.
o © -+ vvorrrenessessncsesstenansnnasnesnasnnesssstsansaneaseatnesanas e R P _— S .1.0
E ¢l- Oy ¥
P eeenenes D TR P o PRI o 2, O o &
- mﬁl © .o:o <
- IN. X0 ,IN.d, X0 b
: (094N M0p /M) K05
z 1 i '
002- — (» 1 o0o0l- 0
134/ SA INFMIND AYVYNOILVIS




Pigure 2

0.18

1
o
—

0.




G0 0 )
T 1 T ° 17717717

1

+

sw 120 "=°

/ 41500

o
\
L

( wo)y A3rsuep Jetuupo

¢

1
-
o

e T RIS 2 R
LSOy,

SR Q;r.mf@ TR T e P o
s et SPRNG R N B -~ T E N S T P - AP
- RS ARST L R i st LA ekl SO VS




Charge retention of MNOS devices limited by Frenkel-
Poole detrapping®

K. Lehovec and A. Fedotowsky

University of Southern California, Los Angeles, California 90007

(Recsived 26 Seprember 1977; accepted for publication 20 December 1977)

A simple anslytical expression is derived for charge retention in MNOS memory devices assuming that
retention loes is timited by Frenkel-Poole release from monoenergetic traps. This model shows that charge
retention becomes cventually independent of the initia) charge distribution. Experimental dats obrained at
clevated temperatures confirm this model and provide a trap depth of 1.$ ¢V, Frenkel-Poole coefficient of
sbout 6 10™* cm!'3V =134V, and effective escape attempt rate factor of 1.2x 10° sec='.

PACS numbers: 73.40.Qv, 73.60.Hy, 83.30.Tv, 72.20Jv

Charge retention loss in thin oxide MNOS memory charge tunneling through the oxide from traps located
devices (1, 330 A) is dominated in its early stages by at or near the oxide-nitride interface, '~* and in latter
phases by Frenkel- Poole emission of charge trapped
in the nitride and charge transport through the nitride. !
In this paper we derive a simple analytic expression for
the decay of retained charge based on Frenkel-Poole

M'Supported by the Army Research Office, Grant DANG29-77=

Genllds,

338 Appl. Phys, Lett. 32(5), 1 March 1978 0002-6951 78 3208-03358500.50 2 1978 American Institute of Physics 38




emiagion from monoenergetic traps. Following our
procedure, an amlytic expression can be derived for

. any other detrapping mechanism which depends solely
on the local electric fleld intensity. The effect of re-
trapping can be accounted for by modifying the effective
escape attempt factor.

After a charging pulse, the trapped nitride charge
induces a charge of opposite polarity in the silicon and
at the gate electrode (Fig. 1). This charge is not
necessarily located at the silicon surface, as has been
indicated, and thers can be a potential drop, not shown
in Fig. 1, across the silicon space-charge region,
Ramifications of the charge distribution in the silicon
and of the corresponding potential drop are discussed
later in this paper. The potential distribution in the
nitride has a minimum at a distance x, from the
oxide. “* This minimum is located closer to the oxide
than to the gate, L. e., x.<}iy, since the concentration
of trapped charge decreases with increasing distance
from the oxide. *=* Consequently, the maximum nitride
field during retention is located at the oxide interface.
Thus detrapping occurs mostly near the oxide inter-
face and the detrapped nitride charge shifts primarily
toward the silicon. Therefors, the time dependence of
the initial Frenkel- Poole-type detrapping in the region
0 € x € x, provides a lower limit for charge retention.

The escape rate from traps will be assumed to obey
the Frenkel-Poole law

24 ey axpl= 0 + HEN1), G
where n,(x, ) is the {ocal trapped charge density and
E(x,?) is the local fleld, both functions of time. The
notation here is the same as that used in Refs. 4, 7,
and 8, Trapped charge density and field are related by
Poisson’s law

2E _ng
2x = €y * (z)
Thus

d ™ - ]
q ﬁ[ n,dx = = v exp(- ¢)e,'[ exp{3(E)V/?)dE

+mlea) g L ®
with
Eq() = (q/ex) [ n,dx )
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FIG. 1. A typical charge and potential distribution during re-
tentivn, The putential drop acruss the silicon space-charge
layer is nut shown, but is cuonsidered later in the text,
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FIG, 2. The fmction J1E,() of vt expi~&) sccording o Eq. (5)
for different values of §2£4(0). In the range 3(E,01}/2%1,
terms negiected in deriving Eq. (5) have been included in

Fig. 2. to obtain Ey(f)~ 0 for t—w,

the field in the nitride at the nitride/oxide interface,
x=0,

The second term on the right-hand side arises from
the exchange of differentiation with respect to time,
and of integration with respect to position, when pro-
ceeding from Eq. (1) to Eq. (3). For a constant poten-
tial applied between gate and silicon, the charge shift
gn,(x,) dx,/dt can be related to the term on the left-
hand side of Eq. (3), and to factors which involve the
centroids of ¢ [™ 3n,/3tdx and of the induced charge in
the silicon. The latter is ¢,/C,,, where C,, is the low-
frequency silicon space-charge capacitance. It can be
shown that the right-hand side of Eq. (3) can be replaced
by omitting the second term and multiplying the first
term on that side by a factor n. This factor is signifi-
cantly less than unity only in the depletion regime with-
out inversion, and then only if ¢,/ty Coy2 1. The overall
effect of this “n dip” is always small, however, since
at high dopant concentrations the dip is shallow, while
at low dopant concentrations the dip is narrow because
the Ey-field range pertaining to depletion without in-
version becomes very small. We shall, therefore,
neglect the last term of Eq. (3) in what follows.

Integration of the thus simplified Eq. (3), considering
Eq. (4), provides

BLEOIV? = BLE(O)]? - 1n{1 + vt expl= &)
x expl3(Ey)"/ ), ®)

where certain terms have been neglected {or conven-
ience, assuming that 3[£y(1)]'/?> 1. The function SE,()
versus log(vf exp(- 6}] is shown in Fig. 2 for various
values of *E,(0) chosen to provide ¢, = v~ exp{é - 3

% [E4(0)]1/3} of 10!, 10=, and 10 sec, respectively.
All curves merge into the same unique function

BE (1) =10} [t expl= 6)] )
for
te <<t~ vt exp(+ o). 4]

The field intensity Ey(/) in the nitride at the boundary
of the oxide can be related to the threshold voltage by
the following considerations. The threshold voltage with
nitride charge differs [rom that without nitride charge

K. Lehovec and A, Pedotowsky 3
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FIG,. 3. Experimental charge retention loss fitted by Eq. (11),

(so-called “intrinsic state”) by
ty
V)= V(=) = ({;) j.' Rty = x)dx

() e § S e

+ (g;) f "n.(t,-z)dz. ®

The first of the last three terms is Ey(f) ¢,; the second
term is the potential drop between x =0 and x,; and the
third term is the potential drop between x, and {y. In
a typical retention experiment a constant bias voltage
V. is applied between gate electrode and silicon sub-
strate. Since

Vot Vym V= (5‘;!) tuEo - ({-’) /."- nox dx

+ (fv-) / " n,{ty - x)dx, ®)

where V,, is the potential across the space-charge layer
in the silicon and V, is the built-in potential between
gate and substrate, Eq. (8) can be transformed into

Velt) < Ve(o) mEg()ty + exlen/ta) ¥ Va+ Vy=V,,.
(10)

The built-in potential compensates closely the space-
charge layer potential in case of a p°-polysilicon gate
and an n-type substrate if the nitride charge induces
an inversion layer in the silicon. Under this condition,
one obtains from Egs. (10) and (8) for retention at zero
gate to substrate bias voltage

Upll) = V(=) 3ty 32 1n? (vt expl= 3)). (11)
This equation is valid for ¢ > ¢y,

Figure 3 shows experimental data supplied by Dr. M.
Beguwala of Rockwell International. The nitride was
charged by applying positive voltage pulse to the gate
of an MNOS capacitor on n-type silicon substrate at
various temperatures indicated in Fig. 3. The device
was at its intrinsic threshold voltage prior to pulsing,
The lack of a significant temperature dependence for

N7 Appl. Phys, Lett., Voi 32, No. 5. 1 Mareh 1978

¢ < 100 msec suggests that retention loss is initially
governed by tunneling. The straight line in Fig. 2 is
the tunnel relation of Ref. 1. After about 1 sec de-
trapping appears to become the dominant factor for re-
tention loss at the elevated temperatures. The reten~
tion period when initial charge distribution has an effect
on the detrapping rate is masked by tunnel escape. The
drop~off of the data points at 281 °C was fitted by Eq.
(11) with B =5kT/q =5.3% 10 cm!/3VVigy, ¢=1.8
eV, and v=1.2x10° sec*! determined as follows: A

plot of InVr versus log,y of the experimental values was
matched to a plot of InE, versus log [vexp(~ )] ac-
cording to Eq. (11); the displacement along the ordinate
is In (¢4 8) and the displacement along the x axis is
loge[v exp(~ ¢)]. The parameters v and ¢ have been
separated by applying the same procedure to the data
at 244 °C and assuming that v is independent of temper-
ature. The 3 value pertaining to 244 °C was 6. 4x 10+
em!/1V-Y2 gV, The slight temperature dependence of

8 should be confirmed by additional experimental data
before attempting an interpretation. The 3 values are
about twice the accepted value for the Frenkel-Poole
coefficient. "*='3 The comparatively small value of v
may be indicative of a positive temperature coefficient
of the trap depths, d¢/dT > 0, and of retrapping. The
time ¢ used in the theoretical expression (11) is the
initial detrapping time, f,, = 7,. On the other hand, the
time of the experimental points is the time when trapped
electrons are removed from the nitride, i.e,, f,,
=7,+0, These times differ by the delay 9 due to
retrapping.

Since, by curve fitting, Vil ® Veyle, We have

v, o do a1, (12)
Ver = T3 8)7, =7 "‘"[ Fﬁ)(“'?.)]

where v* is the intrinsic escape attempt frequency,
usually assumed to be of the order of the vibrational
lattice frequency. The delay time 6 is expected to be a
weak function of time, and this implicit time dependence
should not affect Eq. (11) strongly.

The observed temperature dependence in the tem-
perature range 154—205 °C was less than that expected
by our theory, with ¢ and v ag derived from the data
obtained at 244 and 281 °C. This discrepancy is attrib-
uted to a second, more shallow, trap level which be-
comes dominant (filled) at the lower temperatures and
which is insignificant (empty) at the more elevated
temperatures. Unfortunately, Eq. (3) written for the
case of multiple trap levels cannot be integrated to
provide a concise form such as Eq. (3) for the reten-
tion loss arising from the detrapping of electrons
from a single trap level,

Our model provides a concise analytical expression
for the charge retention loss if all traps have the same
activation energy. During the latter periods of retention
loss, this expression becomes independent of the initial
charge distribution, and depends then only on trap depth,
Frenkel-Poole coefficient, and an effective escape at-
tempt rate factor which takes into account retrapping.

We thank Dr. M. Beguwala and Dr. Ross Williams
of Rockwell International for supplying the experimen-
tal data and for helpful discussions.
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MNOS Charge Versus Centroid Determination by
Staircase Charging

KURT LEHOVEC, FeLLoW, 1EEE, CHIH-HONG CHEN, AND ANDRE FEDOTOWSKY

Abstrect=The charge versus centroid relstionship is determined by
staircase charging, in which a sequence of identical puless is sppiied, the
memory device is returned to flat-band condition after each pulse, and
the subsequent pulss is superimpossd on the fist-dband voitage corre-
sponding to the accumulated memory chargs distribution resuiting
from the preceding puises. Staircage patterns of sccumulsted negative
charge and of device voltage are analyzed, and effects arising from
back-tunneling and leakage curren®s are identified. Comparison of the
initial injection current during 3 voitage pulss with the steady-state
current indicates that hole injection from the gate does not contribute
significandy 10 the stesdy-state oxide tunnsl current,

Manuscript received January 20, 1978; revised April 3, 1978. This
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I. INTRODUCTION

RNETT AND YUN [1], {2) have determined the memory

charge versus centroid relationship for electron injection
from the silicon by using a sequence of large-voltage pulses of
incressing duration to charge the nitride of MNOS devices
[Fig. 1(2)]. The Yun method restores the sample to its initial
charge-free state before the next charging pulse is applied.
The memory charge is removed by applying pulses of opposite
polarity and of appropriate magnitude and duration until the
flat.band voltage reaches a predetermined value believed to be
characteristic of the memory charge free state. Restoration of
this flat-band voltage after each voltage pulse is time consum-
ing, since it must be achieved by trial and error. Moreover,
reverse polarity pulsing may not only remove negative charge
injected by preceding pulses, but also inject positive charge
into the nitride. Since certain superpositions of positive and
negative charge distributions give rise to a flat-band voltage
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. Voltage profiles for charge versus centroid dessrmination. (a)
method (1], in which the sampis is remarned to fist band follow-
each charging pulss application and then brought to the charge-
st by reverse polarity pulsing before the next charging pulse
incressed duration is applied. (b) Staircase-charging method, in
the sample is also returned to flat band, but the charge is al-
to accumulate step-wise by applicadon of a trsin of identical
pulses.
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Fig. . A typical voltage and charge profile for the staircase charging
method obuained by positive voltage puilses applied to the gate
dlectrods. n-type silicon substrate of 1.4-Q - cm resistivity; 2o, = 22
Aity=285 A Vp=10V;:tp=1lmstg=05s.

equal to that of the charge-free state, generating this flat-band
voltage by reverse polarity pulsing does not guarantee achieve.
ment of the charge-free state,

We describe in this paper a technique by which a sequence
of small identical voltage pulses is applied to the device to in-
crease the nitride memory charge in a staircase pattern [Fig.
1(»)). Flat-band condition is restored between these pulses
by a feedback circuit, as in the Yun method, but unlike the
Yun method, the initial chatge-free state is not re-established.
The staircase pattems shown in Fig. 2 are recordings of the
charge Q,, which has passed through the external circuit to
the gate, and of the flat-band voitage V,, across the sample.
These recordings were obtained in less than a minute and
contain all the information required for a complete charge
versus centroid determination. We provide the derivation of
the charge versus centroid relation from the staircase patterns,
and we show that the data acquired by the staircase charging
method yield information about other important MNOS device

properties, such as memory retention loss and charging current
fea-funntrinn nf the annlied unlrag
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Fig. 3. Block circuit diagram for applying the voltage pulses, sensing
deviation from flat band by capacitance measurements, returning thej
sample to flat band by a feedback circuit, and the chan
passed through the siicon-oxide interface by a current integratos.

II. MEASUREMENT TECHN IQUE

The measuring circuit (Fig. 3) is essentially that of [3]. A!
small ac voltage is applied to the MNOS capacitor; the capaci-
tance is measured by a lock-in amplifier circuit and compared !
to a fixed reference capacitance equal to the flat-band capaci-
tance. The difference between the measured MNOS capad-%
tance and the reference capacitance generates a dc bias voltags:
in a feedback circuit which returns the device to flat band.
after each voltage pulse. The time interval 15 for restoration:
of flat band (feedback period) includes the acquisition time
for capacitance sensing by the lock-in amplifier, and several.
cycles of bias voltage readjustment until the measured capaci-
tance equals the flat-band capacitance. The feedback period
must be long compared to the pulse duration 7, to prevent
automatic bias voltage adjustment during the pulse by the
feedback circuit. On the other hand, if the feedback period
is too long, charge retention loss between pulses increases,
and the charge measured by the current integrator differs:
increasingly from the nitride charge, due to device leakage:
currents of presently unknown origin shuating the MNOS
dielectric. For the same reasons the “rest period™ 15 between
pulses should not be much longer than tg5. A typical set of
time constants as used in our experiments is given in Table 1.
The measured voltage V,, equals the flat-band voltage Vg
during the time interval 15 ~t5p.

Consider a nitride charge-free sample at flat-band voltage
V§} at time 7,. The sample then acquires a negative nitride
charge -Q by application of a positive voltage pulse(s) and is
at the flat-band voltage V{3 at time ¢,. Since the charge in;
the silicon has not changed, the entire charge

fn
Q,,.-j:' 1dt oy

flowing through the external circuit to the gate during the)
intermediate period ¢, <t <t, has crossed the silicon-silic

oxide interface. Thus Q,, equals the absolute value Q of toh:!
nitride charge provided that: 1) no injected charge has left the:
sample at the gate; 2) no positive charge injection from the
gate has taken place: and 3) the charges in surface states and in!
the oxide have not changed. If the sample is charge free at ¢,
and has acquired the negative charge - at ¢y, the centroid of]
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- TABLE |
Tyricar Tive CoNSTANTS PERTAINING TO THE Circurr of FIG. )
» ST
a.c. Signal (10 kHs) V/t*0.l ms
Lock-in acquisition time 1 ms
Feed back circuit time constant SOms - 200ms

Pulse duration S microsecond - 10 ms

Teen(l - Cn (V- VEDIQ) )

with ¥ 3) and V§}) the flat-band voltages at 7, and #,, 1y the
nitride thickness, and Cy the nitride capacitance. Thus the
staircase charging technique can be used to derive the charge
versus centroid relation provided that we include in (1) and
(2) the total charge injected by all previous puises, and that
we use the total flat-band voitage change from the initial
charge-free state. Charge corrections required to account
for parasitic charge added by a shunt leakage path to, or in,
the MNOS dielectric are discussed in Appendix I.

Replacing the total nitride charge Q= QW +5Q on the
right-hand side of (2) by the charge 5Q = Q@) - Q(1) added to
the nitride by the voltage puise, we obtain

x* = (50x; + QW8x,)/6Q = ey [1 - Cn (VY - VEDISQ).
()

The length x* represents the centroid of the difference between
the nitride charge distributions pertaining to Q) and Q® =
Q1) +5Q. We are not aware of any method which might dis-
tinguish between the contribution to x* from the centroid x5
of the charge -§Q added to the nitride and that of the shift
5x, of the centroid x, of the charge -O(") present in the
nitride prior to application of the pulse. However, measured
data of x* could be compared with theoretical values derived
from models for the nitride charge distribution based on
“negligible detrapping™ (2], “strong detrapping” [4], [5],
and “nitride charge loss by back-tunneling” [6) during the
feedback period.

[II. INTERPRETATION OF STAIRCASE CHARGING PATTERNS

The staircase charging method provides capability for inves-
tigating charge buildup, or removal, by positive or negative
gate pulses. Negative gate voltage pulses initially cause deep
depletion of the silicon surface which may reduce the oxide
and nitride flelds significantly until an inversion charge has
built up. This buildup can be accelerated by illumination with
light of suitable wavelength. Nevertheless, we shall present
here only the results of investigations related to positive gate
pulses applied to n-silicon devices in order to avoid complica-
tions of interpretation associated with deep depletion by nega-
tive voltage pulses. The positive puise voltage causes accumula.
tion of the silicon surface and thus extends across the oxide
and nitride layers.

The inset in Fig. 2 shows that the charge change caused by a
voitage puise is composed of a first step to an intermediate
charge level Q;, followed by a second step to the final charge
level @, It is shown in Appendix II that the intermediate
charge level can be expressed in terms of the initial and final
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charge levels, the change in the flat-band voltage, and the
C-V relation. Thus measurement of Q; is superfluous for in-
vestigating the nitride charge and its distribution.

The charge registered by the current integrator may decrease
during the early part of the feedback period, as shown in the
inset of Fig. 2. This is attributed to memory charge loss by
back-tunneling (3], [6). The charge indicated by the current
integrator after flat band has been schieved is the injected
charge less the back-tunneled charge, i.c., the remaining charge
in the nitride, and its centroid is given by (2).

The charge and voltage staircase pstterns recorded in Fig. 2
exhibit the following interesting features:

I) Charge Staircase Pattern: The charge step per pulse first
decreases slightly, then remains stationary for a number of
pulses, and then increases to a steady-state value. The portion
of charge added during the feedback period after each pulse
decreases with the number of pulses and aimost vanishes when
the steady state is reached.

2) Volimge Staircase Pattern: The flat-band voltage change
per pulse decreases with the number of pulses until a steady-
state average level is reached. The voltage increase during 155
is then compensated by a flat-band voltage decrease during
tp-tpg. The decay of flat-band voitage during the rest period
is noticeable only after several pulses have been applied, be-
coming most pronounced when the steady-state level has been
reached.

These observations have the following explanations. The
charge injected per pulse into the nitride decreases initially
because receptor states located ecither in the oxide or at the
oxide-nitride interface become saturated. The excess charge
of the first charge step amounts to 7.5 X 10**! cm™ states
for the sample of Fig. 2. The several subsequent charge steps
are very nearly equal. This behavior is expected because
charge tunneling through the oxide is controlled by the oxide
field which is the same at the beginning of each pulse since
each pulse is applied at flat-band bias. The decrease in the
corresponding flat-band voltage change per pulse with the
number of pulses indicates that the centroid of charge moves
more deeply into the nitride with each successive pulse. This
shift of the centroid arises from detrapping and deeper pene-
tration of charge injected by previous pulsing (4], {7]. Newly
injected charge may also penetrate further because some of the
traps may have been filled by previously injected charge {2].

Subsequent to this “stationary charge injection-increasing
flat-band voltage regime” (Fig. 1), the charge per pulse in-
creases until it reaches 2 steady-state value. This has the fol-
lowing explanation: Fig. 4 illustrates the time dependence of
charge injected through the oxide into the nitride during a
sequence of pulses. Each pulse is imposed on flat-band voltage,
so that the initial oxide field, and thus the initial injection cur-
rent, remains constant for all pulses. The injected charge
reduces the oxide fleld, and thus the injection current decreases
during each pulse. The added space charge during each pulse
diminishes as charge injection through the oxide is partially
compensated by charge exit from the nitride into the gate
electrode. The steady state reached after many pulses indicates
that most of the charge now passes through the entire nitride,
i.e., 88 much charge leaves through the gate as is added through
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Injection Current

Fig. S. Recording of device voitage versus accumulated charge using
Vp=15 V, 125210 s, and 1,2 0.5 s. The devistion of the slopes
of the straight dotted lines from the reference line Vg = 0, /Cpy Of
slope 1 provides X /¢y in the absence of leakage charge accumulation.

the oxide (or vice versa for positive charges injected from the
gate). Only a small nitride charge is added by each pulse to
compensate for the retention charge loss during the preceding
feedback snd rest periods. This added nitride charge, and the
retention charge loss by back-tunneling to the silicon (3], [6],
sccount for the voltage pattern during the feedback and rest
periods in the steady state. The fact that the flat-band voltage
does not visibly decay after the early pulses, but does decay
after many.pulses, is attributed to increased back-tunneling
which results from charge buildup in the nitride at the oxide
interface [4], [7].

Fig. § is an X-Y recording of the device bias voltage as 2
function of the accumulated charge in the current integrator.
The maxima in the quasi-steady-state regime occur at the
end of the feedback periods. During the subsequent rest
periods, the flat-band voltage decays due to back-tunneling.
However, the charge increases because leakage current exceeds
the back-tunnel current. The abrupt transition from s decline
to a horizontal indicates that a voitage puise has been applied.
The horizontal region results from charge flow during the
puise. The subsequent maximum arises from the charge and
voltage increases during the feedback period. Maxima asso-
ciated with early pulses are not discernible because the nitride
charge has not yet accumulated to the extent required for
pronounced back-tunneling. Hence, the leakage charge accu-
mulated during the rest period prior to the start of an early
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Fig. 6. Charge versus centroid curves for electron injection from the
silicon derived by the staircase-charging technique using ¥, = 16 V,
ty* 1073 3, and ¢, = 0.5 35; and by the single-pulss method (2] using
J, %16 V(),and Vp = 20V (+).

pulse is indistinguishable from the nitride charge injected
during the pulse period. In absence of a leakage charge, the

slope of a line connecting the origin to a point pertaining to'

flat band is 1 - x/t,, according to (2).

IV. EXPERIMENTAL CHARGE VERSUS CENTROID AND
INJECTION CURRENT POLARIZATION DATA

Fig. 6 compares a charge versus centroid curve obtained by
the Yun method with that derived by the stsircase charging
method. The first pulse is the same in both methods, and the
data point pertaining to the extrapolated intercept x(Q - 0)
which gives the range of the electrons injected into the charge-
free nitride is about the same for both methods.

The difference between the charge versus centroid relations
obtained by the Yun method and by the staircase method at
higher charge levels depends on pulse voltage and duration,
and on the rest period between pulses. We attribute this dif-
ference to different charge distributions sarising mainly from
different injection current versus time relationships for the
two methods. The dotted line in Fig. 4 shows that the injec-
tion current during a single pulse of durstion 3¢, changes
more than the injection current during three successive identical
voitage pulses of the staircase method each of duration r,.
Thus the staircase charging technique approaches constant
current pulse conditions more closely than does the Yun tech-
nique, which uses constant voltage pulses of increasing dura-
tion. Charge versus centroid curves for constant voitage pulse
are expected to differ from those for constant current pulses
[5]. Moreaver, the theoretical analysis of charge versus cen.
troid data obtained by constant current pulses is simpler than
that obtained by constant voltage pulses (5] .

Back-tunneling of nitride charge to the silicon during the
rest period between pulses of the staircase charging method
temporarily reduces the nitride charge near the oxide boundary.
This charge is replenished immediately by the pulse following




the rest period. The charge integrator registers the net charge
+ which crosses the oxide-nitride interface. Thus the coatribu-
tions from the back-tunnel charges and their replenishment
cancel. Nevertheless, after several pulss spplications, the
been obtained with a single long pulse, during which back-
tunnelling and back-tunnelling replenishmeat do not occur.

Charge step per pulse in the quasi-steady-state regims, marked
in Fig. 2, divided by the pulse duration, provides the steady-
state oxide current at a gate voltage equal to the sum of flat-
band biss voltage and puise voltage. In the case of Fig. 2, this
voitage sum is 22.5 V. Holes injected from the gate, crossing
the entire nitride, and entering the silicon through the oxide,
would contribute to this current. On the other hand, holes
injected from the gate and recombining with electrons before
entering the silicon through the oxide, do not contribute to
this current, since the charge Q,, registered by the current
integrator is the charge passing through the oxide. A hols in-
jected from the gate partway into the nitride contributes to
the charge registered by the charge integrator during the
voltage pulse. However, this contribution is compensated
exactly when flat-band voitage is subsequently re-established
during the feedback period. Holes injected from the gate
cannot reach the oxide interface during the first several pulses
of combined duration less than the transit time of the holes
through the nitride. Thus the initial oxide current during
these early pulses arises only by electron injection from the
silicon. The excess of the oxide current in the quasi-steady-
state regime over the initial pulse current in the “stationary
charge injection-increasing flat-band regime,” marked in Fig.
2, provides, therefore, the current of holes injected from the
gate and penetrating through the entire nitride film.

The initial pulse current during the “stationary charge
injection-increasing flat-band voltage regime” has been deter-
mined from a series of staircase patterns pertaining to different
pulse durations ¢{™ by the procedure indicated in Fig. 7. The
theoretically expected time constant for the injection current
decay is
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The factor 3WEox/2In7 calculated for oxide tunneling by

PR R

el electrons is 130 ¢cm'/? - V™12 for an oxide thickness of about

20 A and an oxide field of about 10?V/cm according to (S,

fig. 1]. The decay of the injection current is not exponential,

since the time constant depends on the current. Using the

: e%.th value of the initial current density of Fig. 7 we obtain

o by (4) a time constant of about 10~* s, in good agreement
‘ with the observed current decay.

The pulse current of Fig. 7 extrapolsted to very short pulse
duration is found to equal within £ 20 percent the steady-
state nitride current. We conclude that in the sample of Fig.
7 at the applied voltage injected holes, if any, recombine with
electrons before reaching the oxide [8] , provided that the hole
g transit time is longer than about S us. Hole injection from the
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gate would have little effect on the flat-band voltage initially,
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Fig. 7. Injection current versus time proflie detived from the “stationary

injection-incressing flat-band voltags regime™ (Fig. 2) for a st

of staircase-charging experiments with identical pules height of

and pulse durations ranging from $ us to 1 ms. The index
guishes pulse trains of different pulse durations.

since nitride charge contributes to the flat-band voltage in
proportion to its distance from the gats. Absencs of a signifi-
cant hole injection from the gate has been demonstrated also
by [9]. However, our more recent experiments have shown a
finite hole injection from the aluminum gate which depends
less strongly on the pulse voltage than the electron injection
from the silicon. Thus the fraction of the steady-state current
carried by holes increases as the gate voltage decreases.

V. SUMMARY AND CONCLUSIONS

The memory charge versus centroid relationship has been
determined by a new, nondestructive technique in which a
sequence of identical pulses is applied to the device, and the
charge through the external circuit, and voitage across the
device, are recorded as functions of time. The device is re-
turned to flat band between pulses by means of a bias voltage
applied to it from a feedback circuit. Each successive pulse is
superimposed on the flat-band voltage corresponding to the
accumulated memory charge distribution resulting from pre.
ceding pulses. Effects arising from back-tunnsling and leakage
currents during rest periods between pulses have been iden-
tified in representative charge and voltage “staircase™ pattems
obtained with this technique. Many data have been acquired
by varying pulse height, rest period, and pulse duration. These
dats will be reported and analyzed in a subsequent paper.

The “staircase charging” method provides, in addition to the
charge versus centroid relationship, the steady-state current
for the fully charged memory device, the leakage current at
various memory charge and flat-band voltage levels, and mem-
oty charge retention loss data. Staircase charging can be inter-
rupted at any desired charge or flat-band voltage level, and the
decay of flat-band voltage and charge changes can be registered
as functions of time to indicate the back-tunneling of memory
charge. A discharge staiccase pattern can be used to study the
emptying of memory charge by reverse polarity pulsing.

The principal advantage of our technique is the rapidity with
which the raw data are obtained. When this method is applied
to leaky devices, a correction for the leakage charge is required.
Although we have provided a procedure for making this cor-
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rection, we are now developing a circuit modification which
will suppress the leskage charge accumulation by reducing the
rest period betwesn pulses to the 10-ms range. This will be
sccomplished by replacing the feedback circuit with a PDP-11
Data Acquisition System programmed in machine language.
The ultimate time limitation will then be governed by acquisi-
tion of the capacitance data in the lock-in amplifier circuit.

ArrENDIX |
CORRECTIONS FOR CHARGE VERSUS CENTROID
DETERMINATION IN CASE OF CHARGE LEAKAGE

Fig. 8 shows s case for which flat-band voitage decreases and
charge increases during the period tg=tsg. The rest period be-
tween pulses was chosen unusually long to accentuate the

changes occurring after flat band has been achieved. The feed-
back period txp = 50 ms, after which flat band is established,
is not discernable on the time scale shown. The subssquent
change of flat-band voltage with time during the rest period
is sufficiently slow that flat-band voltage is maintained by the
feedback circuit.

Several corrections to the chargs have to be made befors
svalusting charge versus centroid from thess data by (1) and
(2). These corrections are based on the assumptions that:
1) the slope of charge wersus time during the rest period
results, at least in pert, from a leakage current which shunts
the dislsctric, and 2) the changs in flat-band voltage during
the rest period results from back-tunneling of negative charge
Qr=CnAVpgp to the silicon. The nitride charge content Q
is decreased by the back-tunnel charge O, and the observed
AQy, is thus the “loakage charge™ minus the back-tunnel
charge. The “leskage charge” AQ,,~Q7 is larger than AQ,, .
In Table II we list values of charge Q and centroid X, ob-
tained by (2), uting Veg(tz), with Q(t) related to the mes-
sured O, (tr) as follows:

) Q(r)=Qm(tr)
) Q(r)=0m(tr)- ‘2 aQY

i) QUr)=0m(tr)- T A0 +Cy T AV,
1.n ..

Similarly, we use Vgp(tsp) and the following values for
Q(tra):

i) Q(ra)=Qm(trs)
i) OCrs)=Qm(trn)- L 42K

i) QUra)=0mtrs)- Y 400 +Cy T aVR

for charge versus centroid determination at ¢pp.

Table II shows that the correction for the back-tunnel charge
(iii versus ii) is not significant. However, elimination of the
leakage charge (ii versus i) is an important correction in case
of Fig. 8.

APPENDIX 1T
INTEGRATOR CHARGE VERSUS TIME DURING THE
VOLTAGE PULSE AND THE FEEDBACK PERIOD

Application of the voltage pulse causes an immediate charging
current spike. Its charge

1
aer [ cou
vip

equals the area under the C(!>-¥ curve shown in Fig. 9. During
the voltage pulse, the charge -8Q is injected from the silicon
and the charge -Q('? already present in the nitride before the
pulse shifts toward the gate. The resulting current flow adds
the charge Q* to the current integrator output (Fig. 10).

The discharge current spike at the termination of the voltage

(CY))
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Fig. 10. Voltage across the MNOS device terminals, and chargs passed
through the external circuit to the gate, neglecting leakage current
and retention losses during the rest period.

pulse removes the charge
VP) * l"
=), c®dv (A2)
3
from the current integrator. The C®)-¥ curve shown in Fig. 9
is shifted with respect to the C)-¥ curve by the of

flat-band voltage V3)-V£Y). Portions of the discharge C)-¥
curve pertain to “‘desp depletion,” since the short switching-off
time of the pulse prevents formation of a hole inversion charge

except in cases of small gate width and existence of 2 lateral
source for holes. The device is not at the fist-band voltage
of C'¥) at the termination of the dischargs current spike, but
at the bias voitage V§}) causing depletion. The charges in the
charging and discharging spikes do not cancel sincs the capeci-
tance is larger when charged than when discharged. The charge
registered by the current integrator after the discharge is

Qr=Q™W +Qc-0p+Q°. (A3)
The charge '
vy
Ors ™ f c® gy (A4)
vil

is added when the feedback circuit restores flat band, assum-
ing again that zp is short versus the time required for inversion
charge buildup. Fig. 9 shows that

0c-0o+0rs A G-V (9

The expressions for Q* and Q, listed in Fig. 10 follow from
(A3) and (AS), considering that

0@ -0Wa0c-Qp+Q%+Qp,. (A6)
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Computer-controlled MNOS
testing circuit

Andre Fedotowsky
Department of Electrical Engineering, University of
Southern California, Los Angeles, California 90007, USA

Recveived 24 October 1978

Abstract A computer-controlled testing circuit for MNOS
devices is described. The principal type of test for which the
circuit is designed is the stair-case charging method which
charges an MNOs device under constant oxide fleld. Other
tests such as memory retention and endurance are also
described.

1 Intreduction

Recently Lehovec ef o/ (1978) have described a stair-case
charging method for MNOs memory devices which uses a
sequence of constant-voltage pulses superimposed on the
fiat-band voltage pertaining to the previous pulse. This
technique has been used by Thornber and Kahng (1978,
Thornber et al 1978) to study tungsten-doped double-dielectric
structures.

In this note a computer-controlled circuit for stair-case
charging is described. Use of digital circuits and computer
control provides many advantages. Input parameters such as
pulse height and duration which are normally manually
adjusted with the help of an oscilloscope are now precisely and
reproducibly controlled. Measured data such as flat-band
voitage and injected charge are digitally stored and can be
immediately analysed to produce other information such as
charge centroid and injected current. While the circuit was
initially developed for the specific purpose of measuring the
flat-band voltage and injected charge under constant oxide
field conditions the versatility of the system enables one to
perform other testing procedures such as memory retention
under various initial conditions and endurance tests, Safe-
guards preventing runaway feedback which can bum out
devices have been incorporated into the feedback program.

2 Test circuit
The circuit (figure 1) is similar to those described previously
tLehovec ¢r al 1978) except that the analogue feedback part
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Figere | Computer-controlfed testing circuit.
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has been replaced by digital circuits. The small capacitor C. in
series with the Jock-in impedancs of 30 pF shusted by 100 MQ
acts as & high-pass filter which blocks most of the stair-case
pattern signal, thus eliminating ing of the lock-in
amplifier. The digital circuits consist of a PDP 11/10 central
processor unit (CPu), 16 kbytes of core memory and a lsbora-
multiplexed to a 12-bit analogue-to-digital converter (Apc)
(£5V), two 12-bit digital-to-analogue converers (DaC)
(£5V), a programmabie quartz timer, two Schmitt triggers,
two relays and a 6-digit LD display. Becsuse all of the control
registers for these devices act as part of the computer memory
the devices are under computer control.

Two analogue-to-digital channels are used to measure
voitages Vc and Vg with a resolution of one voltags bit
(244 mV). Ve and ¥q are proportional to the MNOS capaci-
tance and charge flowing through the external circuit. One of
the digital-to-analogue channels is used to adjust the gate
voltage to reach flat-band coaditions and to provide the
charging puises. The gate voitage before each pulse is equal to
the flat-band voitage and is taken to be the product of the
DAC output and the gain of port 3 of the summing amplifier.
The duration of the pulses is determined with the help of the
programmable clock which can be set to run at frequencies
ranging in decades from 1 MHz to 100 Hz. Including the time
needed for machine language instruction execution, pulss
widths of 20 us and more can be produced with a resolution
of 1 us. The clock is also used to measure the time intervals
between successive capacitance measurements. This interval
is set as four times the lock-in time constant. The relay which
is in series with the discharging resistor Rp is opened under
computer control before each experimeatal run. The Schmitt
triggers can be fired when a signal reaches a predetermined
level. Upon firing either the computer is interrupted in order
to execute some subroutine or a flag is set. The trigger can be
used to synchronise the charging experiment with the trigger-
ing of an oscilloscope in order to display Vg, Vc or Vgasa
function of time. It can also be used to sense an overioad of
the lock-in amplifier. A pulse slightly wider than the charging
puise is provided by the second aADC to the acousto-optical
modulator to illuminate the Mnos device during the charging
puise. Illumination reduces the recovery time of the silicon
space charge capacitance from deep depletion.

3  Test technique

The first step in testing a sampie is to determine its capacitance-
voltage characteristic. This is accomplished by incrementing
V3 between two given values and storing the resulting values
of Vc. The values of the accumulation and depletion capaci-
tances, Cace and Caep. determine the flat-band capacitance.
When a chirging or discharging pulse is applied. the C-V
curve is shifted horizontally. Flat-band conditions are restored
by measuring the change in ¥c and adding a voltage A V3=
st x AVc to the third input port of the summing amplifier.
The derivative st = 3V3/dV ¢! o1y is cOmputed when the C-V
curve is taken: Vrer is the reference voltage which corresponds
to the flat-band capacitance. If V¢ were a linear function of
V this procedure would restore flat-band conditions in one
step. Figure 2(a) shows a flow chart for the subroutine which
restores flat-band conditions. This subroutine could be
written in a higher-level language but typical execution times
would be about 50-100 ms. Being written in machine language.
its speed is limited only by the response time (2 ms) of the
lock-in amplifier. The variable time interval TL in step 1 is this
response time which is set at four times the chosen lock-in
time constant. In step 4 the absolute value of the Jitfference
Al between the measured and the reference voltage Ve is
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Figmre 2 (a) Flow chart for flat-band restoration
subroutine. (b) Flow chart for pulsing subroutine,

compared to the variable precision rx. If AV is smaller than
R then flat-band conditions are considered to be reached
within the prescribed precision. There are two criteria for
choosing rr. First it should be larger than the noise level at
the output of the lock-in. Secondly it should be largsr than the
capacitance changs produced by an increment of V3 of one
voitage bit (244 mYV), i.e. PR> 244 mV/sL. The last require-
ment is usually the limiting one. A typical value of sL is
0-025. This transiates into a valus of 100 mV for rx and a
precision of 2 pF for the capacitance. In step 6 the new
: computed value of V3 is compared with an upper and s lower
limit (UL and LL). This is to prevent a runaway coadition
applying too high a voitage to the device.

4 Pulsing program

The pulsing pecogram (figure 2(3)) is written in machine
language and can be accessed via a nine-argument function
in a higher-level language. The analysis of the data and
setting of the parameters is programmed in the higher-level
language which uses an interpreter. The nine arguments are:
NP, number of pulses; Tp, pulse duration in number of clock
cycles: vp, puise height; TR, a pulse number; xp and aL,
clock rates to measure the pulss length and the time interval
TL between successive readings of V¢ #r, precision to which
the flat-band voitage is restored; and si, the previously
defined slope. Each time a pulse is sent NP is decremented.
When TR = NP & trigger subroutine is executed. This subroutine
can be used to send s triggering puise to an oscilloscope so that
the response of Vc or Vg to a particular puise can be viewed.
e This subroutine can be changed to achieve different resuits
Sy such as changing the polarity of the puises after a certain
,ﬁ* . number of them have been sent. While the subroutine was

L written to perform a stair-case charging experiment, certain
i;' settings of the input parameters will achieve different ends.
A Setting np=1 and vP=0 results in no pulse being sent and
. flat-band conditions restored. This is used for the initial gate

i voltage setting of a device before pulsing and for measuring
long-term decay of stored memory charge. Setting PR t0 a
very large value results in no flat-band restoration between
pulses. This is used in endurance testing when a large number
of pulses of alternating polarity are applied to the device. after
_ which its memory retention and other characteristics are
® § measured. The alternation of polarity is handled by changing

the trigger subroutine.
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